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ABSTRACT
Recent numerical studies of the dark matter density profiles of massive galaxy clusters (Mhalo >
1015M) show that their median radial mass density profile remains unchanged up to z > 1, dis-
playing a highly self-similar evolution. We verify this by using the data set of the The Three
Hundred project, i.e. 324 cluster-sized haloes as found in full physics hydrodynamical simulations.
We track the progenitors of the mass-complete sample of clusters at z = 0, and find that their me-
dian shape is already in place by z = 2.5. However, selecting a dynamically relaxed subsample (∼ 16
per cent of the clusters), we observe a shift of the scale radius rs towards larger values at earlier
times. Classifying the whole sample by formation time, this evolution is understood as a result of a
two-phase halo mass accretion process. Early-forming clusters – identified as relaxed today – have
already entered their slow accretion phase, hence their mass growth occurs mostly at the outskirts.
Late-forming clusters – which are still unrelaxed today – are in their fast accretion phase, thus the
central region of the clusters is still growing. We conclude that the density profile of galaxy clusters
shows a profound self-similarity out to redshifts z ∼ 2.5. This result holds for both gas and total
density profiles when including baryonic physics, as reported here for two rather distinct sub-grid
models.
Key words: methods: N-body simulations – clusters: – cosmology: theory – dark
matter
1 INTRODUCTION
In the hierarchical growth paradigm of a Λ cold dark mat-
ter (ΛCDM) Universe, where the continuous merging of
lower mass systems into haloes yields more massive systems,
galaxy clusters are the biggest gravitationally bound sys-
tems. Although they are dark-matter dominated, and thus
their growth is driven by gravitational interaction, at the
same time their properties are also determined by the in-
teraction with the baryonic component of clusters. For this
reason, galaxy clusters form ideal laboratories for under-
? robert.mostoghiu@uam.es
standing the underlying cosmology of our Universe and the
physical processes driving galaxy evolution.
It has been shown that for a flat Universe with scale-
free initial density fluctuations, and at scales where bary-
onic physics can be neglected, dark matter haloes evolve
self-similarly (e.g. Kaiser 1986). And while the general
shape of their density profiles is well defined by the two-
parameter family of Navarro-Frenk-White (NFW) profiles
(Navarro et al. 1996), individually there can be great de-
viations –especially in the outer parts (Diemer & Kravtsov
2014). Observationally, scaling relations between directly
measurable cluster properties, such as the X-ray luminos-
ity (LX ) or temperature (kT), can often be approximated
by power laws. Hence, once the clusters are normalized
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by their mass, self-similar models can predict the slope
of such relations (Bower 1997). However, non-gravitational
processes (e.g. Pearce et al. 2000; Voit & Ponman 2003;
Kravtsov et al. 2006; Maughan et al. 2012) are known to
disrupt self-similarity and thus deviations are observed from
such theoretical predictions, albeit observational results sug-
gest that the influence of these processes is confined within
the innermost regions of the clusters (e.g. Bartalucci et al.
2017a; McDonald et al. 2017; Ghirardini et al. 2018). More-
over, defining cluster masses and scales in terms of a
characteristic density of the Universe (e.g. the back-
ground or critical density) induces an apparent evolution or
“pseudo-evolution” on the cluster (Bryan & Norman 1998;
Diemer et al. 2013): the halo grows not only through dy-
namical processes, such as the merger of haloes, but also
due to the change in the redshift-dependent reference den-
sity, which changes the normalization of the observed scaling
relation. This needs to be borne in mind when interpreting
results especially from numerical simulations where various
mass definitions are being used throughout the literature
(see Knebe et al. 2013, for a discussion about possible halo
mass definitions in simulations).
The growth of the universal dark matter halo density
profile (as found in simulations of cosmic structure forma-
tion, Navarro et al. 1997) is often described in terms of a
two-phase process: an early fast accretion phase where mass
builds up in the central region of the cluster, and a later
slow accretion phase, where the mass builds in the outer re-
gion of the cluster while the mass density in the inner region
remains approximately constant (Gott & Rees 1975; Gunn
1977;  Lokas & Hoffman 2000; Ascasibar et al. 2004, 2007;
Lithwick & Dalal 2011). These accretion modes are also ob-
served in numerical simulations (e.g. Bullock et al. 2001;
Wechsler et al. 2002; Zhao et al. 2003; Diemer & Kravtsov
2014). Nevertheless, the numerical study of galaxy clusters
at high redshift is a computationally-demanding task. In or-
der to compare the results with observations, the profiles
obtained from simulations are required to achieve spatial res-
olution down to the kpc scale (e.g. Bartalucci et al. 2017a,b;
Ruppin et al. 2017) in order to resolve the inner regions of
the clusters where complex baryonic processes, like feedback
from stars or active galactic nuclei (AGN), take place. At the
same time, the simulations need to correctly reproduce the
influence of the large-scale structure on the outer – gravity-
dominated – regions of the profile.
In a recent article, Le Brun et al. 2018, (from now on,
LB+18) have shown that the 25 most massive galaxy clus-
ters, as found in their dark matter only simulations and
when scaled appropriately, have density profiles that are
already in place at redshifts z > 1 and hence remarkably
robust to mergers and any other evolutionary effects. To
this extent they have studied the median density profile of
the most massive systems identified at the distinct redshifts
z = 0,0.6,0.8, and 1.0. They did not track the progenitors of
their z = 0 sample and hence always had a mass complete
set at every redshift studied. They found that the median
density profiles of their sample of objects exhibits very little
evolution with only a mild scatter of 0.15 dex.
In order to study the evolution of density profiles we
have taken a different approach and followed the merging
history of our sample at redshift z = 0 backwards in time.
Our data set stems from The Three Hundred project, i.e.
a sample of over 300 galaxy clusters simulated with full-
physics hydrodynamics (see Cui et al. 2018, for more de-
tails). This sample includes within it a set of objects simi-
lar in mass and selection to that presented by LB+18, but
all our clusters are simulated with the relevant baryonic
physics as modeled by two different hydrodynamics solvers
and full-physics sub-grid models alongside the same gravity
solver (i.e. GADGET-MUSIC and GADGET-X, as described be-
low). While we also have at our disposal the corresponding
dark matter only simulations, here we only present results
from the full-physics runs (see Appendix B for a more direct
comparison to the work of LB+18, and Appendix C for the
dark matter only results).
This paper is structured as follows: in Section 2 we
present the database and the codes used in this analysis. In
Section 3 we describe the properties of our sample in detail.
The results for the progenitors of the redshift z = 0 sample
are presented in Section 4, classified by their dynamical state
(Section 4.1) or by their formation time (Section 4.2). In Sec-
tion 4.3 we focus on the observational predictions from the
redshift evolution of the (total) mass density profiles of the
clusters by analyzing their corresponding gas mass density
profiles from the complete sample. In Section 4.4 we analyze
the present day cluster scales in terms of their dynamical
state and formation time. Finally, we conclude our analysis
in Section 5.
2 SIMULATION AND CODES
The clusters within the The Three Hundred dataset were
created by extracting 324 spherical regions of 15h−1 Mpc
radius centered on each of the most massive clusters iden-
tified at z = 0 within the dark-matter-only MDPL2, Mul-
tiDark simulation (Klypin et al. 2016).1 The cosmological
parameters of the MDPL2 simulation are based on the
Planck 2015 cosmology (Planck Collaboration et al. 2015),
with ΩM = 0.307, Ωb = 0.048, ΩΛ = 0.693, h = 0.678,
σ8 = 0.823, and ns = 0.96. The MDPL2 box has a side-length
of 1h−1 Gpc and it contains 38403 dark matter particles each
of mass 1.5× 109h−1 M . The Plummer equivalent softening
of the simulation is 6.5h−1 kpc.
To produce full-physics hydrodynamics simulations,
multiple levels of mass refinement for the initial conditions
have been generated using the fully parallel GINNUNGAGAP2
code. Particles that end up within the 15h−1 Mpc radius
spherical region at z = 0 are traced back to the initial condi-
tions and within these regions the corresponding dark mat-
ter particles are split into dark matter and gas particles ac-
cording to the cosmological baryon fraction from the Planck
2015 cosmology, Ωb/ΩM ∼ 0.16. Consequently, the simula-
tions reach an effective dark matter and gas particle resolu-
tion of mDM = 1.27 × 109h−1 M and mgas = 2.36 × 108h−1
M , respectively. To reduce the computational cost of the
original simulation, outside the re-simulated regions, dark
matter particles are successively degraded with lower mass
resolution particles in order to maintain the same large scale
tidal field.
1 The MultiDark simulations are publicly available at the
https://www.cosmosim.org database.
2 https://github.com/ginnungagapgroup/ginnungagap
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We present here the results from running the initial
conditions with two distinct codes, i.e. GADGET-MUSIC and
GADGET-X:
GADGET-MUSIC is a modified version of GADGET3 (an
updated version of GADGET2 by Springel 2005) based
on the classical entropy-conserving SPH formulation
(Springel & Hernquist 2002), with a 40 neighbour M3 inter-
polation kernel. It features metallicity-independent radiative
cooling, metal enrichment of gas and stars coming from su-
pernovae, the effects of an ionizing UV homogeneous back-
ground based on Haardt & Madau (2001), and a star for-
mation model from Springel & Hernquist (2003). However,
it lacks a model for supermassive black hole growth or AGN
feedback.
GADGET-X is also a modified version of GADGET3, with
a 200 neighbour high-order Wendland C4 interpolation ker-
nel. It features an improved and more modern SPH scheme
(Beck et al. 2016) that gives a better description of disconti-
nuities and clumpiness instabilities within the gas. The code
includes an uniform UV background from Haardt & Madau
(1996), gas cooling following Wiersma et al. (2009), a
star formation model with chemical enrichment from
Tornatore et al. (2007), and kinetic supernova feedback
and AGN feedback from Springel & Hernquist (2003) and
Steinborn et al. (2015), respectively.
For the analysis of the haloes we used the AHF3 halo
finder (Gill et al. 2004; Knollmann & Knebe 2009), which
locates local overdensities in an adaptively smoothed den-
sity field as potential halo centers and automatically identi-
fies haloes and substructure (subhaloes, subsubhaloes, etc.).
For every halo found, AHF calculates its radius r200 (and cor-
responding enclosed mass M200) as the radius r at which the
density ρ(r) = M (< r)/(4pir3/3) drops below 200ρcrit, where
ρcrit is the critical density of the Universe at a given redshift
z. Note, r500 is defined accordingly. Furthermore, AHF creates
a number of radial profiles in log-spaced spherical shells out
to r200: on average, a cluster profile calculated by AHF at
z = 0 consists of about 35 logarithmically spaced radial bins
covering the range ∼ 0.2− 0.3 h−1kpc to r200 ∼ 1500 h−1kpc.
Note that, due to the hierarchical way in which AHF identifies
haloes from density peaks, the masses of the haloes found
are inclusive, i.e. the mass of a host halo includes the mass
of all of the subhaloes contained within that halo.
Finally, to trace haloes through the snapshots we build
merger trees with MergerTree, a tool that comes with AHF.
MergerTree has been used to follow each halo identified at
redshift z = 0 backwards in time, identifying as the main pro-
genitor at some previous redshift the halo that maximizes
the merit function M = N2
A∩B/(NANB ) where NA and NB
are the number of particles in haloes HA and HB , respec-
tively, and NA∩B is the number of particles that are in both
HA and HB . More details about the merit function and the
performance of MergerTree can be found in Srisawat et al.
(2013).
3 http://popia.ft.uam.es/AHF
3 CLUSTER SAMPLE
The study of the fundamental galaxy cluster properties and
scaling relations of the sample can be found in the intro-
ductory paper of The Three Hundred Project (Cui et al.
2018). Overall, the modelled galaxy clusters in both codes
are in reasonable agreement with observations with respect
to baryonic fractions and gas scaling relations at redshift
z = 0, with some (mode-dependent) differences, such as the
existence of too massive central galaxies, or bluer galaxy
colours (about 0.2 dex lower at the peak position) compared
with observations.
With a simulated volume of radius 15h−1 Mpc each of
our regions contains many more objects than the large clus-
ter located at the centre. However, in this paper we confine
ourselves solely to considering the evolution of the central
object, i.e. the object on which the spherical region is centred
and that was originally chosen to be modeled. By construc-
tion, these objects form, at redshift z = 0, a mass-complete
sample of the largest objects in the full MDPL2 box (see
Fig. A1 in Cui et al. 2018). But their progenitors will not
form a mass-complete sample at higher redshifts.
To quantify the dynamical state of our objects, we adopt
the same estimators as presented in Cui et al. (2018). This
means, that for each of our 324 large haloes we calculate
three proxy indicators for virialization. The first parameter
is the fraction of mass in subhaloes fs =
∑
Msub/M200, where
Msub is the mass of each subhalo. The second parameter is
the virial equilibrium parameter η = (2T − Es)/|W |, where T
is the total kinetic energy, Es the energy associated to the
surface pressure exerted on the halo at r200 due to in-falling
material, and W is the total potential energy. Finally, the last
parameter is the center-of-mass offset ∆r = |rcm − rc |/r200,
where rcm is the center-of-mass within a cluster radius r200,
and rc is the center of the cluster corresponding to the max-
imum density peak of the halo. As described in Cui et al.
(2018), the criteria for selecting dynamically relaxed clus-
ters are: 0.85 < η < 1.15, ∆r < 0.04, and fs < 0.1, which
need to be satisfied simultaneously (see Neto et al. 2007;
Power et al. 2012; Cui et al. 2017, for similar definitions).
With these parameters, ∼ 16 per cent (∼ 17 per cent for G-X;
and ∼ 15 per cent for G-MUSIC) of the mass-complete sample
are relaxed at z = 0.
For the analysis of the density profiles we restrict our
data to radii selected according to the following method.
We first analyze the radial profiles of the MDPL2 clusters,
avoiding inner bins where two-body collisions dominate the
interaction between particles by requiring an estimate for the
local collisional relaxation time to be larger than the age of
the universe (Power et al. 2003). As this convergence crite-
rion is based upon dark matter only simulations, we have
used the counterpart MDPL2 clusters to determine their
maximum innermost converged radius rMDPL2conv (usually de-
termined by the least massive object in the sample), and
guided by this radius, we selected the radial values from the
hydrodynamical runs entering our analysis. We refer to this
inner limit as the ‘validation’ radius rvalid: this turns out
to be rvalid = rMDPL2conv ∼ 28 h−1kpc (approximately 4 times
the softening of the simulation) at z = 0, and ∼ 37 h−1kpc,
∼ 44 h−1kpc, and ∼ 55 h−1kpc (in comoving coordinates)
at redshifts z = 0.5,1, and 2.5, respectively. For each halo
we focused our study on the mass density profile. While we
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Table 1. Minimum, median, and maximum mass values of the
324 cluster mass-complete sample at z = 0 sample and their pro-
genitors at each redshift (see text for further details). In each row,
the left value corresponds to the GADGET-X simulation, the right
one to GADGET-MUSIC. All values are in units of 1014h−1M .
Redshift min(M200) med(M200) max(M200)
G-X G-MUSIC G-X G-MUSIC G-X G-MUSIC
z = 0 5.22 5.18 8.22 8.27 26.21 26.22
z = 0.5 0.58 0.31 3.90 3.80 18.93 18.95
z = 1 0.23 0.21 1.64 1.73 6.90 6.89
z = 2.5 0.0071 0.0065 0.16 0.17 1.77 1.80
mainly analyzed the total (dark and baryonic matter) mass
density profiles, we also studied the dark-matter-only and
gas profiles from the hydrodynamical simulations (and the
dark-matter-only profiles from the underlying dark-matter-
only simulation, see Appendix C); none of that has an effect
on the results and conclusions drawn from them, respec-
tively, and hence we decided to only show the total mass
results here.
By using two hydrodynamical codes with the same grav-
itational treatment but different SPH recipes and modelled
baryonic physics, we are able to study the influence – if any
– of these changes on the evolution of the density profiles
investigated in detail in the following Section. However, we
expect the influence of different baryonic processes to be
(mostly) reflected in the innermost regions of the clusters,
where we find pronounced deviations from a Navarro-Frenk-
White (NFW) profile (Navarro et al. 1996) that otherwise
describes our cluster profiles remarkably well.
4 RESULTS
From the mass density profiles obtained for each galaxy clus-
ter in the sample, we calculated the median profile at each
redshift. To calculate the median profiles we first defined 35
radial bins between the minimum and the maximum radial
bin of the whole sample. We then interpolate each individ-
ual profile to those radii. If –for a given cluster– the profile
would require extrapolation to one of our predefined radial
bins, we instead flag that radial bin indicating that not all
clusters can contribute to it. The resulting median values
at our 35 radii are calculated using (non-flagged) interpo-
lated values requiring contribution from at least 50 per cent
of the sample. This criterion reduces the number of bins of
the median profiles to ∼ 30 bins, with inner and outer lim-
its of ∼ 6h−1kpc and ∼ 1274h−1kpc at z = 0, respectively.
Although we are not interested in the innermost region of
the profile for this study, we also flag the unvalidated values
(i.e. r < 28,37,44, or 55h−1kpc depending on the redshift)
calculated from at least 50 per cent of the clusters, i.e. in-
ner profile values which pass the first criterion but fail the
second (for more details about the median profiles, see Ap-
pendix A).
Following the work of LB+18, the density profiles have
been normalized by the critical density of the Universe at
the corresponding redshift, and the radii have been scaled
by r500. When plotting the density profiles we further multi-
plied them by (r/r500)2 to reduce the dynamical range. This
also allows us to determine the scale radius rs via the peak
position xpeak of the resulting curve4
rs = xpeak r500 , (1)
where the median r500 value will be used. The peak posi-
tion of a median profile is found by first selecting the values
found in the region r/r500 > 0.2 and r/r500 < 1.1 at our
4 redshift. The median profile values in the selected region
have then been interpolated at 1000 points on this interval
using 3rd order splines. From the interpolated profiles we
then find the (scaled) radii at which the profiles reach their
maximum. To obtain the uncertainty of the peak we started
from the 30 − 70th percentiles of the median profile at a red-
shift value. We then applied the same procedure we used for
the median profile to both percentiles curves and obtained
an uncertainty interval for each peak’s position (i.e. select-
ing a region, interpolating the original data, and finding the
maximum’s position). Next, we apply a Savitzky-Golay fil-
ter (Savitzky & Golay 1964) with a 5-point window and a
3rd order spline to the interpolated data. Note that we use
a relatively small window for the smoothing. This is done
in order to ensure that the high redshift median profiles are
being smoothed.5 Using the smoothed interpolated data, we
find the maximum’s position.
According to LB+18, we should not expect to find any
evolution out to redshift z ∼ 1. We note that the result from
LB+18 was obtained for mass-complete samples at the cor-
responding redshifts. However, we are following the central
haloes found at redshift z = 0 backwards in time. We there-
fore consider it relevant to summarize in Table 1 the min-
imum, median, and maximum masses of our objects at all
redshifts of relevance. It is worth mentioning that the central
halo from region ‘0047’ is undergoing merger event at z = 0.
During such events, halo finders are known to present some
problems (see, for instance, Fig.4 in Behroozi et al. 2015).
We found that for G-X’s central halo ‘0047’ AHF assigned the
other cluster participating in the merger as the host halo;
hence obtaining ∼ 20 per cent less mass than in its G-MUSIC
counterpart. Thus, we removed this central halo from the
results in Table 1.
4.1 Dependence on Dynamical State
Besides showing the evolution of the density profile in the
left column of Fig. 1, we also split our sample of objects
according to their dynamical state at redshift z = 0. The
results are shown in the middle column for the unrelaxed
clusters (∼ 84 per cent of the total sample), and in the right
column for the relaxed clusters (∼ 16 per cent). The two dif-
ferent rows correspond to G-X (top) and G-MUSIC (bottom).
4 Formally speaking, by multiplying the density profile with r2,
the peak position is characterized by r−2, i.e. the position where
the logarithmic slope is −2. But for a NFW profile rs = r−2 and
hence we refer to it as the scale radius.
5 After removing the innermost bins r < rvalid (see explanation
in Section 3), ensuring that at least half the sample enters the
median calculation, and selecting the region for the interpolation,
we might end up with ∼ 7 points at the interpolation stage.
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The 30 − 70 percentiles are represented by the shadowed re-
gions. Unvalidated values calculated from at least 50 per
cent of the clusters are shown in lighter colors. Besides de-
viations attributed to baryonic physics in the inner regions
of the profiles and the expected influence from different en-
vironments at the outermost regions, the profiles present a
strikingly self-similar evolution within 0.1 < r/r500 < 1, with
only a slight deviation in the maximum position at different
redshifts. This is in agreement with previous results found
by LB+18: after rescaling the density we find that the den-
sity profiles of the massive haloes of galaxy clusters evolve
self-similarly.
However, when classified by their dynamical state, we
observe some remarkable differences: unlike the complete
sample, for the relaxed clusters there is a clear shift in the
position of the maximum rs/r500 with redshift, decreasing
as we move to smaller redshift. To better identify the shift,
we added insets for the subsamples of the total 324 central
haloes sample. In the insets of Fig. 1 we can see that, while
the whole sample presented a maximum at rs/r500 ∼ 0.6,
once we select relaxed objects we see that they display a
shift in the maximum position from redshift z = 2.5 on-
wards, reaching rs/r500 ∼ 0.3 at z = 0. While we primarily
studied the density peak’s position shift, note that, quali-
tatively, the peak value (rs/r500)2(ρs/ρcrit) is approximately
constant (within the errors), where ρs is the density of the
halo at r = rs.
As we observe a shift in the ratio rs/r500, we now explore
in more detail whether this is caused by a decrease in rs , an
increase in r500, or a combination of both. To this extent we
determine the peak positions as seen in Fig. 1 via spline-
interpolation and the median r500 for the respective sample.
This allows us to calculate the corresponding rs via Eq. (1).
Another approach to retrieve these numbers would be to use
rs and r500 values obtained from individual fits of the density
profile to the functional form of an NFW profile. We confirm
that this does not alter or affect our results.
The redshift evolution of the ratio rs/r500 is presented
in Fig 2 (left column), alongside the individual evolution of
r500 (middle column) and rs (right column) – all in physi-
cal units. The upper row shows results for G-X whereas the
lower row shows G-MUSIC. The relaxed and unrelaxed sam-
ples are color-coded according to the legend. As we can see,
r500 grows monotonically down to z = 0 for both the relaxed
and unrelaxed subsamples, with a slightly steeper slope in
the unrelaxed subsample. The growth of r500 is a result of
the combined effect of accretion and pseudo-evolution, how-
ever, pseudo-evolution affects both subsamples equally. On
the other hand, we see that rs undergoes a different evolu-
tion depending on the dynamical state of the clusters. For
unrelaxed clusters, rs grows monotonically down to z = 0
with a similar slope to the observed growth in the physical
r500, thus the overall evolution of the density peak is not
seen in the median trend. For the relaxed clusters, we see
an initial period of growth, similar to the one in the unre-
laxed subsample, until at z ≈ 0.5 the growth slows down and
remains close to a constant value. We can understand this
difference as a result of the different accretion phases each
subsample experiences close to z = 0, something expected
from the secondary infall model (e.g. Ascasibar et al. 2004,
2007).
4.2 Dependence on Formation Time
As the dynamical state of a galaxy cluster is linked to its
formation time (i.e. earlier formed systems have had more
time to relax and eventually pass from the phase of early, fast
accretion to the stage of late, slow accretion), we now sub-
divide our mass-complete sample at redshift z = 0 into sev-
eral formation redshift bins as follows: to determine the for-
mation time we fit the mass accretion history (MAH) of each
cluster to the functional form proposed in Wechsler et al.
(2002).
M200(z) = M
z=0
200 exp (−αz), (2)
where α is a characteristic parameter for each cluster which
describes the (assumed constant) mass accretion rate of the
halo. The formation redshift zform is now defined as the red-
shift where M200(zform)/M
z=0
200 = 0.5 or equivalently
zform = − ln (0.5)/α. (3)
With this definition, in Fig. 3 we show the distribution of
formation redshift of the whole mass-complete sample (first
column), the unrelaxed subsample (second column), and the
relaxed subsample (third column) for the two hydrodynami-
cal simulations in our database, G-X (top row), and G-MUSIC
(bottom row). The dashed black line shows the median for-
mation time of each sample, and the green dashed line and
green shaded region show the expected median formation
time and 1σ errors from the extended Press-Schechter the-
ory calculation of Power et al. (2012). The median forma-
tion time of the mass-complete sample is in good agree-
ment with the expected value for haloes of the same median
mass. However, although there is an overlap in the forma-
tion time distributions of the unrelaxed and relaxed subsam-
ples, i.e. we find both unrelaxed and relaxed clusters within
0.4 ≤ zform ≤ 1, the relaxed clusters formed well before the
expected value. This confirms the correlation between for-
mation time and dynamical state (e.g. Power et al. 2012;
Wong & Taylor 2012). Note that – according to the results
presented in Section 4.1 – the total mass density profile of
the clusters is found to be already in place at z = 2.5, long
before their formation time.
To confirm the link between the formation time of our
clusters and the shift observed in the peak position for
rs/r500 for dynamically relaxed clusters at z = 0, we present
in Fig. 4 the evolution of the median density profile again,
but this time for three distinct formation time bins chosen to
minimize overlap in formation times and also to give roughly
equal numbers of clusters at the two extremes in both sim-
ulations (more on this later), i.e. zform < 0.3 (∼ 21 per cent
of the total sample, left column), 0.3 < zform < 0.6 (∼ 49 per
cent, middle column), and zform > 0.6 (∼ 30 per cent, right
column); the two rows are again for G-X (upper row) and
G-MUSIC (lower row). The plot confirms that early formed
system show a shift, but also that there is substantial scat-
ter for late formed objects. Fig. 5 further quantifies the shift
in rs , r500, and its ratio. This plot is analogous to Fig. 2,
but now there are three lines in each panel, one for each
redshift of formation bin. We obtain a similar shift once we
turn to the early formed (z ≥ 0.6) subsample. Comparing
the early-formed (green) and late-formed (pink) subsamples
within each code, we find that the r500 and rs growth is sim-
ilar to what we observed in the evolution of the dynamically
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Figure 1. Median scaled mass density profiles of the central haloes at z = 0 and their main progenitors at z = 0.5, 1, and 2.5. The top row
shows the results from GADGET-X, the bottom row from GADGET-MUSIC. The first column shows the results for the whole mass-complete
sample (324 clusters), while the unrelaxed (∼ 84 per cent of the total sample) and the results from the relaxed (∼ 16 per cent) subsamples
are presented in the second and third columns, respectively. The shadowed regions represent the 30 − 70 percentiles. Unvalidated values
are shown in lighter colors. In the insets we show the peak’s position, rs/r500, for every curve. Overall, the height of the density peak
remains constant (within the errors) for all the samples. As seen in the insets, we detect a clear shift in the density peak’s position in
the relaxed subsample.
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Figure 2. Redshift evolution of the density peak’s position rs/r500 (first column), r500 (second column) and the scale radius, rs (third
column), all in physical units, for the central cluster haloes at redshift z = 0 and their main progenitors at redshift z = 0.5, 1, and
2.5, classified by their dynamical state at redshift z = 0 (∼ 84 per cent unrelaxed, ∼ 16 per cent relaxed). In the top row, we show the
results from GADGET-X; in the bottom row, for GADGET-MUSIC. While r500 is a combined result of halo accretion and pseudo-evolution, the
evolution of rs suggests that the relaxed and unrelaxed subsamples are experiencing different accretion phases as z = 0 is approached.
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/sty3306/5232383 by Periodicals D
epartm
ent , H
allw
ard Library, U
niversity of N
ottingham
 user on 21 D
ecem
ber 2018
The evolution of cluster density profiles 7
0.0
0.6
1.2
1.8
2.4
3.0
3.6
P(
z f
or
m
)
allGX unrelaxed at z=0 relaxed at z=0
0.0 0.3 0.6 0.9 1.2 1.5
zform
0.0
0.6
1.2
1.8
2.4
3.0
3.6
P(
z f
or
m
)
GMUSIC
0.0 0.3 0.6 0.9 1.2 1.5
zform
0.0 0.3 0.6 0.9 1.2 1.5
zform
Figure 3. Formation time distribution of the whole mass-complete sample (left column), the unrelaxed (middle column) and the
relaxed (right column) at z = 0 subsamples, as obtained from GADGET-X (top row) and GADGET-MUSIC (bottom row). The black dashed
line represents the median formation time of each sample. The middle green dashed line and green shaded regions show the expected
formation time and 1σ errors, respectively, from the extended Press-Schechter calculation of Power et al. (2012), for the median halo
mass of each sample. While both the complete sample and the unrelaxed subsample formed within the expected values (zform ∼ 0.5 and
zform ∼ 0.4, respectively), the relaxed subsample formed earlier, at zform ∼ 0.8. The total mass density profile of the clusters is already in
place at z = 2.5, long before their formation time.
.
relaxed and unrelaxed clusters in Fig. 2. Between z = 2.5 and
z = 1, the early-formed clusters grow faster than the late-
formed ones; however, between z = 1 and z = 0.5, both clus-
ter subsamples appear to have approximately the same r500
growth rates in both codes. Although the rs growth rate of
G-X’s early-formed clusters is steeper than G-MUSIC’s, there
are no major differences in terms of rs/r500. It is not until
redshift z < 0.5 that we observe a considerable difference
in the peak’s position evolution. At z = 0 we end up with
a difference of ∆(rs/r500) ∼ 0.5 between the early and late-
formed clusters. Similar to the trends observed in Fig. 2,
the r500 growth rate at z < 0.5 of the late-formed clusters
becomes much steeper than the rate of the early-formed,
such that both subs-samples end up with a similar size at
z = 0. The rs evolution, however, differs. Unlike the late-
formed clusters, the median rs of the early-formed clusters
remains constant from z = 0.5. This result confirms that the
formation time of the clusters drives the shift observed in
the relaxed subsample and that the dynamical state is not
the primary driver of it, even though there is a correlation
between early-formed clusters and relaxed clusters, as seen
from the formation time distribution presented in Fig. 3.
We now seek a better understanding of the shift in the
median density profiles, as seen for the relaxed subsample.
Overall, relaxed clusters formed earlier (zform ∼ 0.8) than the
unrelaxed ones (zform ∼ 0.4). This implies that at z = 0, as
seen from the growth rates of both the physical rs and r500,
most of the unrelaxed clusters are still in the fast accretion
phase whereas the majority of the relaxed clusters have en-
tered the slow accretion phase: contrary to the mass buildup
of the unrelaxed subsample, infalling material no longer ac-
cumulates in the central region but rather in the outskirts
of the clusters. Consequently, for the relaxed sample, rs no
longer grows while, along with pseudo-evolution, the in-
falling material induces a growth in r500. This is in agreement
with the secondary infall model (e.g.  Lokas & Hoffman 2000;
Ascasibar et al. 2004, 2007) and previous numerical results
(e.g. Bullock et al. 2001; Wechsler et al. 2002; Zhao et al.
2003). While this trend is observed in the median results
for the relaxed subsample, we argue that the main reason
why the shift is not visible in the median profiles of the
whole sample (Fig. 1) is the scatter associated with the di-
versity of density profiles in the unrelaxed clusters. Since the
sample is mostly dominated by unrelaxed (as classified at
z = 0), relatively late-formed (zform ∼ 0.5) clusters, studying
the median profile evolution washes out such a shift. This
can be verified in Fig. 6, where we show the evolution of
the median density profile of only unrelaxed clusters (∼ 272
clusters) that formed early (∼ 24 per cent of the unrelaxed
sample, with z ≥ 0.6, solid lines) and late (∼ 25 per cent,
with z ≤ 0.3, dashed lines) in G-X (upper panel) and G-MUSIC
(lower panel). We see that unrelaxed, early-formed systems
also show a marginal trend for evolution of the peak position,
albeit still within the respective percentiles of the unrelaxed
late-formed ones. In regards to the formation time selection
criteria used in the analysis, while the chosen boundary val-
ues, i.e. zform = 0.3 and zform = 0.6, are somewhat arbitrary, it
is worth noting that picking different values, besides chang-
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/sty3306/5232383 by Periodicals D
epartm
ent , H
allw
ard Library, U
niversity of N
ottingham
 user on 21 D
ecem
ber 2018
8 Mostoghiu et. al
r/r500
100
20
40
60
80
200
(r/
r 5
00
)2
(
/
cr
it)
zform 0.3GX
r/r500
0.3 < zform < 0.6
r/r500
zform 0.6
0.01 0.10 1.00
r/r500
100
20
40
60
80
200
(r/
r 5
00
)2
(
/
cr
it)
GMUSIC
0.01 0.10 1.00
r/r500
0.01 0.10 1.00
r/r500
0.25 0.50 0.75
160
170
180
190
0.25 0.50 0.75
160
170
180
190
0.25 0.50 0.75
160
170
180
190
0.25 0.50 0.75
160
170
180
190
0.25 0.50 0.75
160
170
180
190
0.25 0.50 0.75
160
170
180
190
Figure 4. Median scaled mass density profiles of the central haloes at z = 0 and their main progenitors at z = 0.5, 1, and 2.5, classified
by their formation time. The top row shows the results from GADGET-X, the bottom row GADGET-MUSIC. Unvalidated values are shown in
lighter colors. The sample was separated into late-formed (zform ≤ 0.3, ∼ 21 per cent of the total sample, left column), intermediate-formed
(0.3 < zform < 0.6, ∼ 49 per cent, middle column), and early-formed (zform ≥ 0.6, ∼ 30 per cent, right-column) clusters, as found in both
simulations. Similarly to what we found for a dynamical state classification, we detect a clear shift in the density peak’s position in the
early-formed subsample.
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Figure 5. Redshift evolution of the density peak’s position rs/r500 (first column), r500 (second column) and the physical scale radius, rs
(third column), for the central cluster haloes at redshift z = 0 and their main progenitors at redshift z = 0.5, 1, and 2.5, classified by their
formation time. In the top row, we show the results from GADGET-X; in the bottom row, for GADGET-MUSIC. The sample was separated into
late-formed (zform ≤ 0.3, ∼ 21 per cent of the total sample, left column), intermediate-formed (0.3 < zform < 0.6, ∼ 49 per cent, middle
column), and early-formed (zform ≥ 0.6, ∼ 30 per cent, right-column) clusters. We observe a similar trend for early-formed haloes as in
the dynamically relaxed subsample in Fig. 2.
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Figure 6. The redshift evolution of the median scaled density
profiles (z = 0 and z = 2.5) for unrelaxed early-formed (∼ 24
per cent of the unrelaxed clusters, with zform ≥ 0.6) and unre-
laxed late-formed (∼ 25 per cent, with zform ≤ 0.3) clusters, from
GADGET-X (top) and GADGET-MUSIC (bottom). Despite their dy-
namical state, a shift is observed in the early formed unrelaxed
clusters.
ing the sample sizes and the relaxed/unrelaxed fractions of
clusters in each bin, will not induce drastically different re-
sults, as we can infer from Fig. 6. As previously stated, the
correlation between dynamical state and formation time in
Fig. 3 leads to the shift in the relaxed subsample, but as we
showed in Fig. 6, formation time dictates the shift.
4.3 Relation to Gas Mass Profiles
We now raise the question of how these results relate to ob-
servations. As reported by McDonald et al. (2017), the mean
(hot) gas profile of massive clusters shows a pronounced
self-similar evolution out to a redshift of z ∼ 1.9. Having
performed full physics hydrodynamical simulations, we also
have access to the gas density profile and hence show its
evolution in the same manner as before in Fig. 7 and with
a focus on relaxed and unrelaxed systems. We confirm that
the gas density profile follows qualitatively the self-similar
evolution observed in the total mass density profile seen in
Fig. 1: out to z = 1, the mass-complete sample and the un-
relaxed subsample evolve self-similarly, whereas the relaxed
subsample shows a shift in the peak’s position. Focusing in
the relaxed subsample we can see that both codes evolve
in a similar fashion, and that the main difference resides in
the scatter in the profiles. G-X’s median profiles show more
diversity due to the influence of AGN feedback (specially
in the inner r/r500 < 0.1 region), while G-MUSIC’s median
profiles have overall less scatter at those scales. In order to
present a clearer picture of the evolution of the gas profiles,
we added insets for the two subsamples. As we can see in the
insets, there is a broadening of the median profiles at z = 0
compared with the profile at z = 2.5. However, despite this
broadening, there is indeed a shift in the peak’s position of
the relaxed subsample as the scatter at the peak’s position is
negligible compared with the shift between z = 0 and z = 2.5
(i.e. ∆(r/r500) ∼ 0.2 − 0.4).
By redshift z = 2.5 the profiles deviate slightly from the
rest of the distribution, which might be caused by several
processes. At high redshift mergers are the main source of
halo mass build-up, as they are in their early-phase accre-
tion mode (e.g. Wechsler et al. 2002; Burke & Collins 2013).
Hence, processes like ram-pressure stripping could remove
the gas of the infalling satellites (e.g. Fujita 2001, 2004;
Wang et al. 2018). The deficit could also be attributed to
the high star formation rate in our simulated clusters, which
peaks around z = 2.5 (as seen in Figure 4 of Wang et al.
2018). Both the central galaxy and the infalling satellite
galaxies from mergers produce a gas deficit at different
scales. Finally, the clumpiness of gas particles due to the
SPH treatment of hydrodynamics in numerical simulations
(e.g. Hobbs et al. 2013) may also be a cause, at least for G-
MUSIC. This numerical issue causes the gas to clump rapidly
into the halo center –contrary to the smooth accretion of
gas– and leave a lower gas density at outer halo radius.
Nevertheless, the fact that we observe a self-similar evo-
lution of the gas density profile does not come as a surprise
as the scales we are probing here are dominated by gravity
and hence the gas is a biased tracer (note the different scales
on the y-axis as compared to the previous total matter den-
sity plots). We observe that the gas profiles show inherently
larger scatter, especially at small scales (r/r500 < 0.02) and
for G-X (i.e. the code that features AGN feedback affecting
the central regions). However, we can constrain the influence
of the baryons to lie within r/r500 < 0.01− 0.1, depending on
the redshift. Compared with observations, recent results of
high redshift massive galaxy clusters show that beyond the
core of the clusters (r/r500 > 0.3) the level of self-similarity
in gas density profiles is particular remarkable and that non-
gravitational effects, such as AGN feedback, can be confined
in the r/r500 < 0.2 region (McDonald et al. 2017). Moreover,
in Ghirardini et al. (2018), the authors analyzed 12 massive
(M500 = 3 − 9 × 1014M) high-quality local (z < 1) galaxy
clusters and determined the intrinsic scatter of thermody-
namic quantities as a function of radius. The amount of scat-
ter is minimized in the 0.2 < r/r500 < 0.8 range, the region
where the gas is highly virialized and baryonic effects are
negligible. In the inner region (r/r500 < 0.3) baryonic effects
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induce large scatter within the population, while in the outer
region (r/r500 ≥ 1) the scatter is driven by the different ac-
cretion rates from one cluster to another (see Eckert et al.
2012; Reiprich et al. 2013, and references therein, for more
determinations of intrinsic scatter). Looking at Fig. 7 we
can see similar trends: up to z = 1, the least amount of scat-
ter, as described by the shaded region corresponding to the
30 − 70 percentiles, is achieved for 0.3 < r/r500 < 1. The
median gas profiles from G-X follow the self-similar evolu-
tion down to r/r500 ≈ 0.02. However, the scatter induced by
non-gravitational processes dominates in the region. On the
other hand, in G-MUSIC, although deviations from the self-
similar trend are visible at the same radial range, the scatter
is systematically lower.
4.4 Present day halo scales
The main finding from the previous sub-sections (notwith-
standing the dark matter-gas connection) can be summa-
rized by Fig. 8 that shows the scale radius rs and r500 at
redshift z = 0 for every cluster in the sample as a function
of its formation redshift zform, where we additionally colour-
code the clusters by their dynamical state at z = 0. For this
plot we now require individual rs values for each cluster.
These are obtained by fitting the enclosed6 radial mass dis-
tribution M (< r) to the functional form of a NFW profile
(e.g.  Lokas & Mamon 2001):
M (s)
M200
= g(c)
(
ln (1 + cs) − cs
1 + cs
)
(4)
with
s =
r
r200
, (5)
c =
r200
rs
, (6)
g(c) =
1
ln (1 + cs) − cs/(1 + cs) (7)
where c, the only free parameter, is the concentration of the
cluster; rs is now simply calculated as
rs =
r200
c
. (8)
The overall trend shows that relaxed clusters end up
with smaller values of rs at z = 0 than the unrelaxed ones.
It is worth noting that, as mentioned previously, there are
unrelaxed clusters which formed at similar redshift as re-
laxed ones. Morever, the early-formed unrelaxed haloes show
a considerable amount of scatter in their scale radius rs at
z = 0, there are unrelaxed haloes with comparable rs val-
ues to the relaxed ones that formed earlier. These effects
are mainly due to two issues. First, the classification of the
mass-complete sample by its dynamical state is done at red-
shift z = 0 and it is kept up to z = 2.5, i.e. we do not
track information about the dynamical state of the progen-
itors of the haloes. A cluster classified as relaxed at z = 0
might not pass our relaxation criteria at higher redshifts;
and vice versa, an unrelaxed cluster at z = 0 might have
been a relaxed cluster at some point in its past and only
6 The enclosed mass M (< r ) is a cumulative – and generally
smooth – profile, hence it is easier to obtain a good fit.
recently being disturbed again. If an initially relaxed cluster
becomes unrelaxed without undergoing a significant change
in its formation time determination, i.e. a change in its sub-
halo fraction fs due to minor mergers, it would show as an
unrelaxed halo with similar formation times and rs values at
z = 0 to the relaxed haloes. Second, a recent (major) merger
might induce a steep mass accretion close to z = 0, which –
given our formation time definition– consequently translates
into a lower than expected value for zform. Thus, we could
understand the unrelaxed haloes with comparable rs values
to the relaxed ones as haloes that in fact formed earlier (i.e.
z > 0.3) and have been disturbed recently by a major merger
and, as such, they have a lower rs value than the rest of the
haloes in the early-formed bin.
5 CONCLUSIONS
In this work we used the mass-complete sample of the
The Three Hundred data set (Cui et al. 2018), consist-
ing of 324 galaxy cluster haloes with median mass M200 =
8.2 × h−11014M . For cluster-sized haloes, self-similarity is
expected to dominate the redshift evolution of their mass
density profiles, although baryonic non-gravitational inter-
actions are known to disrupt the effect. We have used our
data set to verify this.
We tracked the evolution of the central haloes found at
z = 0 back to z = 2.5. We found that the density profiles of
the whole sample is consistent with a self-similar evolution,
suggesting that the density profile is stable and already in
place even at z ≥ 2, long before their formation time and
as found in dark matter only simulations by other work-
ers in the field (e.g. LB+18). However, when separating the
sample according to their dynamical state at z = 0, the re-
laxed clusters (∼ 16 per cent of the total sample) show a
shift in where their scaled median density profile peaks. We
found that this shift is a result of a different evolution of
rs , the scale radius of a NFW density profile, and r500 be-
tween the unrelaxed and relaxed subsamples. This is under-
stood within the context of a two-phase accretion model for
halo mass growth, as theoretically argued (e.g. Gunn & Gott
1972; Gunn 1977; Ascasibar et al. 2004) and found in numer-
ical simulations (e.g. Wechsler et al. 2002; Zhao et al. 2003).
While unrelaxed clusters are still in their fast accretion mode
at z < 0.5, in which infalling material is accreted to the clus-
ter centre inducing rapid growth in both rs and r500; relaxed
clusters reached the slow accretion phase at z < 0.5 and thus
infalling material remains in the outer region of the cluster
while the inner region evolves almost unperturbed. There-
fore, rs slows its growth at the later stages of the cluster’s
evolution while r500 keeps growing due to the effects of in-
falling material (and also pseudo-evolution) at the outskirts
of the halo. To test this hypothesis we classified the sample
by their formation time, defined as the redshift at which the
fitted mass growth curve of the cluster reaches 50 per cent
of its total mass M200 at z = 0, regardless of their dynami-
cal state. We find that once binned by their formation time,
the same trend is observed. Early formed (zform ≥ 0.6) clus-
ters end up with lower values of rs/r500 than late-forming
clusters (zform ≤ 0.3). Studying the individual evolution of
rs and r500 we observe the same individual evolution as in
the dynamical state classified samples. We argue that this
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Figure 7. Median scaled gas mass density profiles of the central haloes at z = 0 and their main progenitors at z = 0.5, 1, and 2.5, classified
by their dynamical state at z = 0. The top row shows the results from GADGET-X, the bottom row from GADGET-MUSIC. The profiles show
the same self-similar evolution as the total mass density profiles, as well as similar shifts once we select the relaxed subsample, up to
redshift z = 1. At z = 2.5 we identify a slight deviation from the rest of the distribution which might be a result of the high merging
activity or the star formation rate at that redshift.
shift, although potentially visible also for unrelaxed haloes
due to the overlap between unrelaxed early-formed haloes
and relaxed late-formed ones, is not visible in the median
profiles of unrelaxed profiles due to the scatter associated
with their diversity of density profiles. Relaxed clusters, on
the other hand, have stable density profiles, thus less scatter,
and consequently the shift is visible in this subsample.
We also analyzed the gas profiles of the mass-complete
sample. We find that the gas profile follows qualitatively the
self-similar evolution of the total density profile with only a
considerable deviation at z = 2.5 which can be attributed to
the combined effect of the merger activity and star forma-
tion rate at that redshift, and numerical effects from SPH.
This follows naturally from the fact that gravity is the main
driving force at the scales studied here and thus gas is a
biased tracer of the underlying dark-matter distribution of
the cluster. Even the powerful AGN in the centre of the clus-
ters in the GADGET-X simulations does not affect the density
profile at distances r & 0.1r500, although it increases the
scatter in the inner regions of the cluster. The influence of
the baryons on the total (dark matter and baryons) density
profile can be safely constrained within the innermost part of
the cluster, at r/r500 < 0.01− 0.1, depending on the redshift.
We note that our results are in agreement with observations
(e.g. McDonald et al. 2017; Ghirardini et al. 2018), although
the shift observed in our dynamically relaxed/early-formed
subsample is not detected in observational studies due to
the implicit selection of the sample in every observation.
The implications of this work form something of a warn-
ing to those seeking to use massive galaxy clusters as cosmo-
logical probes. The significant shuﬄing of the rank order in
mass of massive clusters should not be a surprise: at the very
massive end the mass function is steep and small changes in
mass can make a large difference. Also, in the era of league
tables those close to the top know full well that the likely
direction of travel can only be down. This fact of life as a
giant galaxy cluster makes it very easy to select a biased
sample and both theorists and observers need to be aware
of the consequences of this. The most massive clusters today
are not the same clusters as those most massive at z = 1. Se-
lecting a mass-limited sample, such as that used by LB+18
is one way out of this connudrum, but such a choice may
obscure certain theoretical ideas about cluster growth. Cer-
tainly great care needs to be expressed in sample selection as
it is clear that without a detailed knowledge of completeness
bias may be introduced into any measure of evolution. We
have also demonstrated that care should be taken when se-
lecting a relaxed sample of objects: these are the set where
is it easiest to see evolution and growth along theoretical
lines because this set have lower scatter in their properties.
As such, they may not actually evolve self-similarly.
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Figure 8. Scale radius rs at redshift z = 0 correlation with formation redshift zform for relaxed clusters (blue) and unrelaxed clusters
(orange). The left panel shows the results for GADGET-X and the panel for GADGET-MUSIC. Overall, early-formed clusters (zform ≥ 0.6) end
up having smaller values of the scale radius rs at z = 0 (rs < 0.3 Mpc), while later-formed ones show a greater dispersion in the value
of their scale radius, rs . The unrelaxed clusters that formed at similar redshift as the relaxed ones might appear as a consequences
of our relaxation classification. Since we are not tracking the dynamical state of the progenitors of the haloes but instead keep their
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unrelaxed, late-formed clusters that show a small scale radius at z = 0 are the effect of a misidentification of the progenitor halo due to
recent (major) mergers, which shows up as a sudden increase in the mass accretion history of the cluster.
the Higgs Centre for Theoretical Physics at the University
of Edinburgh.
RM, AK, WC, and GY are supported by the Minis-
terio de Economı´a y Competitividad and the Fondo Eu-
ropeo de Desarrollo Regional (MINECO/FEDER, UE) in
Spain through grant AYA2015-63810-P. AK is also sup-
ported by the Spanish Red Consolider MultiDark FPA2017-
90566-REDC and further thanks The Perishers for let there
be morning. CP acknowledges the Australia Research Coun-
cil (ARC) Centre of Excellence (CoE) ASTRO 3D through
project number CE170100013. The authors would like to
thank The Red Espan˜ola de Supercomputacio´n for granting
us computing time at the MareNostrum Supercomputer of
the BSC-CNS where most of the cluster simulations have
been performed. Part of the computations with GADGET-X
have also been performed at the ‘Leibniz-Rechenzentrum’
with CPU time assigned to the Project ‘pr83li’.
We benefited from valuable discussions with Yago Asca-
sibar. We would also like to thank the anonymous referee for
their thorough comments that helped to improve the paper.
REFERENCES
Ascasibar Y., Yepes G., Gottlo¨ber S., Mu¨ller V., 2004, MNRAS,
352, 1109
Ascasibar Y., Hoffman Y., Gottlo¨ber S., 2007, MNRAS, 376, 393
Bartalucci I., Arnaud M., Pratt G. W., De´mocle`s J., van der Burg
R. F. J., Mazzotta P., 2017a, A&A, 598, A61
Bartalucci I., et al., 2017b, A&A, 608, A88
Beck A. M., et al., 2016, MNRAS, 455, 2110
Behroozi P., et al., 2015, MNRAS, 454, 3020
Bower R. G., 1997, MNRAS, 288, 355
Bryan G. L., Norman M. L., 1998, ApJ, 495, 80
Bullock J. S., Kolatt T. S., Sigad Y., Somerville R. S., Kravtsov
A. V., Klypin A. A., Primack J. R., Dekel A., 2001, MNRAS,
321, 559
Burke C., Collins C. A., 2013, MNRAS, 434, 2856
Cui W., Power C., Borgani S., Knebe A., Lewis G. F., Murante
G., Poole G. B., 2017, MNRAS, 464, 2502
Cui W., et al., 2018, MNRAS, 480, 2898
Diemer B., Kravtsov A. V., 2014, ApJ, 789, 1
Diemer B., More S., Kravtsov A. V., 2013, ApJ, 766, 25
Eckert D., et al., 2012, A&A, 541, A57
Fujita Y., 2001, ApJ, 550, 612
Fujita Y., 2004, PASJ, 56, 29
Ghirardini V., et al., 2018, preprint, (arXiv:1805.00042)
Gill S. P. D., Knebe A., Gibson B. K., 2004, MNRAS, 351, 399
Gott III J. R., Rees M. J., 1975, A&A, 45, 365
Gunn J. E., 1977, ApJ, 218, 592
Gunn J. E., Gott III J. R., 1972, ApJ, 176, 1
Haardt F., Madau P., 1996, ApJ, 461, 20
Haardt F., Madau P., 2001, in Neumann D. M., Tran J. T. V., eds,
Clusters of Galaxies and the High Redshift Universe Observed
in X-rays. p. #64 (arXiv:astro-ph/0106018)
Hobbs A., Read J., Power C., Cole D., 2013, MNRAS, 434, 1849
Kaiser N., 1986, MNRAS, 222, 323
Klypin A., Yepes G., Gottlo¨ber S., Prada F., Heß S., 2016,
MNRAS, 457, 4340
Knebe A., et al., 2013, MNRAS, 435, 1618
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article-abstract/doi/10.1093/m
nras/sty3306/5232383 by Periodicals D
epartm
ent , H
allw
ard Library, U
niversity of N
ottingham
 user on 21 D
ecem
ber 2018
The evolution of cluster density profiles 13
Knollmann S. R., Knebe A., 2009, ApJS, 182, 608
Kravtsov A. V., Vikhlinin A., Nagai D., 2006, ApJ, 650, 128
Le Brun A. M. C., Arnaud M., Pratt G. W., Teyssier R., 2018,
MNRAS, 473, L69
Lithwick Y., Dalal N., 2011, ApJ, 734, 100
 Lokas E. L., Hoffman Y., 2000, ApJ, 542, L139
 Lokas E. L., Mamon G. A., 2001, MNRAS, 321, 155
Maughan B. J., Giles P. A., Randall S. W., Jones C., Forman
W. R., 2012, MNRAS, 421, 1583
McDonald M., et al., 2017, ApJ, 843, 28
Navarro J. F., Frenk C. S., White S. D. M., 1996, ApJ, 462, 563
Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493
Neto A. F., et al., 2007, MNRAS, 381, 1450
Pearce F. R., Thomas P. A., Couchman H. M. P., Edge A. C.,
2000, MNRAS, 317, 1029
Planck Collaboration et al., 2015, preprint, (arXiv:1502.01589)
Power C., Navarro J. F., Jenkins A., Frenk C. S., White S. D. M.,
Springel V., Stadel J., Quinn T., 2003, MNRAS, 338, 14
Power C., Knebe A., Knollmann S. R., 2012, MNRAS, 419, 1576
Reiprich T. H., Basu K., Ettori S., Israel H., Lovisari L., Molendi
S., Pointecouteau E., Roncarelli M., 2013, Space Sci. Rev.,
177, 195
Ruppin F., et al., 2017, preprint, p. arXiv:1712.09587
(arXiv:1712.09587)
Savitzky A., Golay M. J. E., 1964, Analytical Chemistry, 36, 1627
Springel V., 2005, MNRAS, 364, 1105
Springel V., Hernquist L., 2002, MNRAS, 333, 649
Springel V., Hernquist L., 2003, MNRAS, 339, 289
Srisawat C., et al., 2013, MNRAS, 436, 150
Steinborn L. K., Dolag K., Hirschmann M., Prieto M. A., Remus
R.-S., 2015, MNRAS, 448, 1504
Tornatore L., Borgani S., Dolag K., Matteucci F., 2007, MNRAS,
382, 1050
Voit G. M., Ponman T. J., 2003, ApJ, 594, L75
Wang Y., et al., 2018, preprint, (arXiv:1809.05244)
Wechsler R. H., Bullock J. S., Primack J. R., Kravtsov A. V.,
Dekel A., 2002, ApJ, 568, 52
Wiersma R. P. C., Schaye J., Theuns T., Dalla Vecchia C., Tor-
natore L., 2009, MNRAS, 399, 574
Wong A. W. C., Taylor J. E., 2012, ApJ, 757, 102
Zhao D. H., Mo H. J., Jing Y. P., Bo¨rner G., 2003, MNRAS,
339, 12
APPENDIX A: MEDIAN PROFILES
PROPERTIES
In Table A1 we present the properties of the median pro-
files: the median r500, the validation radius rvalid (which is
equal to the maximum convergence radius in the MDPL2
simulation rMDPL2conv ), the inner and outer limits of the region
where at least 50 per cent of the sample contributes to the
median [r50%in ,r
50%
in ] (i.e. the threshold used for our analysis),
and the inner and outer limits of the region where all the
clusters contribute to the median [r100%in ,r
100%
out ]. Note that
the range of interest (i.e. about the peak position) always
resides inside the region where all clusters contribute to the
median (xpeak ∼ 0.3−0.8 ∈ [r100%in ,r100%out ]/(r500) for every red-
shift). Moreover, up to z < 2.5 our ‘50 per cent criterion’ only
affects the outer median profile and not the inner one due
to the validation radius we employed (i.e. rvalid > r100%in ).
At higher redshift (z ≥ 2.5) the validation radius does af-
fect the inner limit. Since AHF uses adaptive binning based
on the number of particles of a halo, at higher redshift the
[r100%in ,r
100%
out ] region becomes smaller. Nevertheless, the peak
position xpeak is always well inside the 100% region, thus, its
determination is insensitive to the choice of the inner and
outer limits threshold.
APPENDIX B: MOST MASSIVE HALOES AT
EACH REDSHIFT
The analysis presented in the main body of the paper traced
a mass-complete sample, i.e. the central haloes of the 324
simulated 15h−1 Mpc regions, from redshift z = 0 backwards
in time. While this allows us to directly measure and quan-
tify the evolution of density profiles, the progenitors iden-
tified at any higher redshift certainly do not form a mass-
complete sample anymore. This is why, for instance, LB+18
have chosen the alternative approach of always using the
most massive clusters at each redshift studied. In order to
test any differences entering the analysis due to these vary-
ing strategies, we have also restricted our analysis to the
25 most massive clusters at z = 0,0.5, and 1.0; we confirm
that they do in fact form a mass-complete sample at each of
these redshifts (cf. Cui et al. 2018). In this way we extract
a sample similar to that studied by LB+18. In Tab. B1 we
show the minimum, median, and maximum M200 values for
the 25 most massive cluster sample for both GADGET-X and
GADGET-MUSIC.
In Fig. B1 we show the median scaled mass density
profiles for the 25 most massive galaxy clusters at redshift
z = 0, 0.5, and z = 1. In agreement with the results of LB+18,
the mass distribution of massive galaxy clusters is in place
at z > 1, despite the presence of non-gravitational radiative
baryonic processes. Note that the baryonic turnaround in
the profiles is more pronounced for GADGET-MUSIC. This is
mainly attributed to an over-production of stars due to the
lack of AGN feedback in the code. However, as we can see
from the GADGET-X results, the AGN feedback is not strong
enough to disrupt the total mass distribution considerably,
thus the self-similarity of the profiles is preserved down to
r/r500 ≈ 0.03.
APPENDIX C: DARK MATTER ONLY
SIMULATION
In order to directly quantify any influence on our results
stemming from the modelled baryonic physics, we have re-
peated all our analysis for the analogues of our clusters as
found in the dark matter only MDPL2 simulation. Proceed-
ing in a similar fashion, once classified by their dynamical
state at z = 0, a similar shift is observed for the relaxed
subsample (∼ 11 per cent of the total sample) when tracking
their progenitor’s evolution– as can be verified in Fig. C1.
The baryonic influence can be safely attributed to the in-
nermost region of the cluster; it does not affect the results
presented here and the conclusions drawn, respectively.
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Table A1. Properties of the median profiles of the whole sample: the median r500, the validation radius rvalid (which is equal to the
maximum convergence radius in the MDPL2 simulation rMDPL2conv ), the inner and outer limits of the region where at least 50 per cent of
the sample contributes to the median [r50%in , r
50%
in ], and the inner and outer limits of the region where all the clusters contribute to the
median [r100%in , r
100%
out ]. All the values are in units of (comoving) h
−1 kpc.
Redshift r500 rvalid r
50%
in r
50%
out r
100%
in r
100%
out
G-X G-MUSIC G-X G-MUSIC G-X G-MUSIC G-X G-MUSIC G-X G-MUSIC
z = 0 1005.9 1009.5 28 6.2 5.9 1279.0 1268.4 16.6 10.4 861.5 1046.8
z = 0.5 979.2 980.6 37 10.2 8.8 1243.0 1245.3 26.7 26.5 846.4 1036.8
z = 1 807.3 824.9 44 12.3 11.1 889.9 983.0 31.1 37.2 889.8 696.4
z = 2.5 398.5 409.7 55 15.1 14.7 477.5 484.2 71.6 97.7 338.2 361.9
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Figure B1. Median scaled mass density profiles for the 25 most massive galaxy clusters at redshift z = 0, 0.5, and 1 for the two
hydrodynamical simulations in the sample, GADGET-X (left) and GADGET-MUSIC (right). The shaded region shows the 30-70 percentiles.
Unvalidated values are shown in lighter colors. The baryonic component of the clusters is reflected as a turnaround in the innermost
region, at r/r500 ∼ 0.02 and r/r500 ∼ 0.03 at z = 1 for GADGET-X and GADGET-MUSIC, respectively. Although GADGET-X has implemented a
model for AGN feedback, the self-similarity evolution is preserved.
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Figure C1. Median scaled mass density profiles for 324 dark-matter-only central haloes from the MDPL2 simulation at redshift z = 0,
0.5, 1 and 2.5. Once classified by their dynamical state at z = 0, the relaxed subsample (∼ 11 per cent of the total sample, right column)
presents the same rs evolution as the results from the hydrodynamical simulations.
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Table B1. Minimum, median, and maximum mass values of the
25 most massive haloes at each redshift (see text for further de-
tails). In each row, the left value corresponds to the GADGET-X
simulation, the right one to GADGET-MUSIC. All values are in units
of 1014h−1M .
Redshift min(M200) med(M200) max(M200)
G-X G-MUSIC G-X G-MUSIC G-X G-MUSIC
z = 0 13.57 13.81 15.76 15.68 26.21 26.22
z = 0.5 7.43 7.06 8.44 8.30 18.93 18.95
z = 1 3.68 3.78 4.16 4.23 6.90 6.89
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